The cerebellum, parietal cortex, and premotor cortex are integral to visuomotor
The cerebellum is crucial in the visual guidance of movement (Ebner and Fu 1997; Stein and Glickstein 1992) . This observation can be traced back to the work of Holmes (1939) who identified that cerebellar lesions disrupt visuomotor control. More recently, Miall and colleagues (2001) have provided direct evidence in healthy humans that the cerebellum coordinates eye and hand tracking movements. This supports previous findings from patients with cerebellar lesions (van Donkelaar and Lee 1994) . In non-human primates, the cerebellum has been implicated in the visual-guidance of movement through studies using lesions (Baizer et al. 1999; Brooks et al. 1973; Miall et al. 1987 ) and electrophysiology (Liu et al. 2003; Mushiake and Strick 1993; Norris et al. 2004 ). In addition to its role in visuomotor control, the cerebellum has been suggested to contribute to other aspects of motor control that include non-visual motor processes (Desmurget et al. 2001) , coordination of movement (Ramnani et al. 2001 ), internal models (Imamizu et al. 2000; Wolpert et al. 1998) , and compensating for interaction torques (Bastian et al. 1996) .
By the same token, the parietal and premotor cortex are intricately involved in visuomotor control processes (Caminiti et al. 1996; Clower et al. 1996; Jeannerod et al. 1995; Milner and Goodale 1993) . The work of Mountcastle and colleagues (1975) showed that neurons in area 7 of the monkey respond during reaching movements to visual stimuli. In humans, TMS of the posterior parietal cortex has been used to disrupt visually-guided reaching movements (Della-Maggiore et al. 2004; Desmurget et al. 1999) , and neuroimaging in humans confirmed the role of the parietal-premotor system in visuomotor control (Ellermann et al. 1998; Hamzei et al. 2002; Vaillancourt et al. 2003) . Although it is well established that the cerebellum, parietal cortex, and premotor cortex are associated with visuomotor processes, very little is known about how the parameters of visual feedback modulate the role of these brain regions in visuomotor control.
In motor psychophysics experiments, increasing the presentation frequency of visual feedback induces a systematic reduction in the variability of finger force output (Slifkin et al. 2000; Vaillancourt et al. 2001) . Since the variability of finger force at a low visual feedback frequency (0.4 Hz) still remains lower than in the absence of visual feedback, this implies that visuomotor corrections occur when visual feedback is presented at both high and low frequencies. In addition, the reduction in force variability with increased feedback frequency is a non-linear hyperbolic function rather than a linear function (Slifkin et al. 2000) . This suggests that visually-guided corrections are processed differently depending on whether visual feedback is presented frequently or infrequently. One reason why visually-guided corrections would be processed differently is related to the time it takes visual information to reach different parts of the brain. For instance, the parietal cortex receives input from the visual cortex at short temporal latencies (Bisley et al. 2004) . In contrast, the cerebellum gains access to visual information via indirect projections from pontine nuclei and inferior olive after longer temporal intervals, and complex Purkinje cells discharge at slow rates (Glickstein 2000; Norris et al. 2004; Stein and Glickstein 1992) . Also, the parietal cortex and cerebellum transmit signals to the premotor cortex via different pathways (Caminiti et al. 1996; Stein and Glickstein 1992) . Taken together these findings suggest that the visuomotor neuronal response to visual input at different frequencies would not be uniform across the cerebellum, parietal cortex, and premotor cortex.
This study was designed to examine blood oxygenation level-dependent (BOLD) activation in the cerebellum, parietal cortex, and premotor cortex in humans using functional magnetic resonance imaging. We used a precision grip force task because the task has been well studied in motor neuroscience (Ehrsson et al. 2000; Kilner et al. 2002; Kilner et al. 2003; Vaillancourt et al. 2003; Witney et al. 2004) , and because we could carefully control the amount of force generated (Dai et al. 2001 ). In the infrequent visuomotor condition the visual stimulus was presented at .4 Hz and at 25 Hz during the frequent condition.
Visual control conditions at .4 Hz and 25 Hz were included, along with a force condition in the absence of visual feedback. The findings provide the first evidence for how visual feedback frequency modulates the role of the cerebellum, parietal cortex, and premotor cortex in visuomotor processing.
Methods

Subjects
Ten right handed subjects (range: 21-35 years) with corrected or normal vision took part in the experiment. There were 5 males and 5 females. The subjects were naive to the purpose of the experiment and none of the subjects had any history of a neurological disorder. All subjects gave written informed consent to all experimental procedures, which were approved by the local Institutional Review Board, and were in compliance with the Declaration of Helsinki.
Experimental Design
During the force conditions, subjects produced force with their right hand against a rigid precision grip device. Consistent with previous work Vaillancourt et al. 2003) , subjects pinched the grip apparatus with their middle finger and thumb to produce force output. The middle finger was used instead of the index finger because we have found that subjects tend to overlay the middle finger on top of the index finger during precision grip. When using the middle finger this problem is not encountered and this is important due to the difficulty in continuously monitoring hand configuration in the magnet.
The custom pinch grip apparatus is made of non-metallic material (polycarbonate) allowing its use inside the fMRI environment (Liu et al. 2000) . The grasping apparatus is connected to a long nylon tube (35-ft), which leads into an Entran (EPX-N13-250P) pressure transducer (located outside the fMRI environment). When the pinch grip is performed, this increases hydraulic pressure, which is sensed by the pressure transducer. The pressure transducer output was amplified through a pressure gauge amplifier. A PCMCI National Instruments A/D converter sampled the pressure at 100 Hz. At each sampling interval the pressure from the transducer was displayed to the subject through the video projector and mirror setup.
The fMRI experiment used a blocked design because we were interested in continuous feedback-based force control and this requires a long force production trial. The experiment included one fMRI scan that lasted 9 minutes and 10 seconds. Anatomical scans were taken following the functional scan. The maximal voluntary contraction (MVC) was calculated similarly to previous work (Vaillancourt et al. 2001) . During the fMRI scan, subjects produced force at 25% of their MVC in three of the six conditions (described below) during the scan.
During the force with visual feedback conditions subjects were required to match their force output to the target force. Figure 1A shows the 6 task conditions. The 6 conditions, lasting 22 s each, were repeated four times with an additional rest of 22 s at the end of the functional scan. The first 2 s of each condition was a transition cue to the subject to inform them of a change in the experimental condition. We analyzed our data by treating the 2 s transition as a separate event.
The transition cue showed the same display as the rest condition ( Figure 1A ). In addition to the rest condition (R), there was a vision force condition at low frequency (VFL), a vision condition at low frequency (VL), a vision force condition at high frequency (VFH), a vision condition at high frequency (VH), and a force only condition (F). The .4 Hz (VFL, VL) and 25 Hz (VFH, VH) intermittent conditions were selected based on previous work (Slifkin et al. 2000; Vaillancourt et al. 2001) showing the 25 Hz intermittent visual feedback reduced force variability compared with .4 Hz visual feedback. The six conditions were as follows:
1) The rest condition (R) required the subject to fixate their eyes on the red line ( Figure   1A ), which along with the white line remained in the same position during the block.
2) The vision force condition at low frequency (VFL) required the subject to continuously produce precise force to a continuously visible target force while receiving low frequency visual feedback about the position of the force cursor (white cursor in Figure 1A ).
The white force cursor was displayed intermittently on the screen to the subject every 2.5 s (. 3) The vision at low frequency (VL) condition was a control condition for VFL. We displayed similar visual feedback as the VFL condition, but the subject did not produce force.
Based on previous work on the dynamic profile of force output (Slifkin et al. 2000) , we modeled the dynamics of the visual cursor for the VL condition as a 1 Hz sinewave with a small amount of white noise added at each time point (Vaillancourt et al. 2003) . The amplitude of the sinewave was set consistent with the force variability measured during the practice session of each subject. The timing of when the white cursor appeared on the screen was similar to condition 2 above, in that every 2.5 s the subject viewed the new position of the white cursor for 20 ms. After 20 ms the white cursor disappeared again, and reappeared in its new position after 2.5 s.
4) The vision force condition at high frequency (VFH) required the subject to produce precise force while receiving a visual feedback sample every 40 ms (25 Hz). Each visual feedback sample stayed on the screen for 20 ms. Similar to the VFL condition, the position of the white force was dynamically updated from the A/D board.
5) The vision at high frequency (VH) condition displayed visual feedback to the subject every 40 ms similar to the VFH condition, but the subject did not produce force. The modeling of the white force cursor was similar to the VL condition described above.
6) The force only (F) condition required subjects to produce precise force output at 25% of their MVC from memory while viewing the same two lines (Figure 1A , right; the cursor did not move in this condition). During every block of all three force conditions subjects received continuous visual feedback for the first second so they could determine the appropriate level of force. Finally, prior to entering the magnet the subjects participated in a 45 minute training session to minimize the transitory portion of the motor learning process.
fMRI Data Acquisition
MR imaging was performed with a volume head coil using a 3T scanner (General Electric Medical Systems, Milwaukee, WI). The head was stabilized using comfortable adjustable padding and the visor system as described in previous work (Thulborn 1999). imaging matrix 64 x 64; 28 slices at 3 mm thickness with a 1 mm gap between each 3 mm slice).
Slices were acquired axially. The MR scanning session ended by acquiring an anatomical image using a T1-weighted fSPGR pulse sequence (echotime 1.98 ms; repeat time 9 ms ; flip angle 25I; field of view 220 mm 2 ; imaging matrix 256 x 256; 120 contiguous slices with 1.5 mm slice thickness).
fMRI Data Analysis fMRI data processing was performed using the public domain software FIASCO (Eddy et al. 1996) and AFNI (Cox 1996) . The fMRI data were first processed in FIASCO by performing a baseline correction, mean correction, correcting for motion based on 3D motion estimation parameters, correction for outliers, and detrending. The average displacement of head movement averaged across volumes and subjects was .27 mm ± .11 mm (mean ± standard deviation). The head movement was less than our cutoff criteria of 1/3 a voxel (voxel size = 3.125 x 3.125 x 3 mm).
The data analyses were designed to examine visuomotor activation of the cerebellum, parietal, and premotor cortex. First, we used the group map analysis to determine where the visuomotor activation occurred and therefore to refine our region of interest (ROI) drawings.
Second, we performed ROI analyses on the isolated parts of the cerebellum, parietal lobules, and premotor cortex to determine if there were differences in activation between the task conditions directly related to visuomotor processing. For the cerebellum, we used the nomenclature from the atlas by Schmahmann and colleagues (2000) after data were transferred into Montreal Neurological Institute (MNI) space. All coordinates are reported in MNI space. In the motor cortex and premotor cortex, labeling for the areas of activation was determined using the Human Motor Area Template (HMAT) (Mayka et al. Accepted Pending Revision).
First, the group map analysis was calculated for specific comparisons of interest to determine the location of visuomotor activations using the VFH-F and VFH-VH comparisons (Figure 2B and 2C) . This same approach to identifying visuomotor activation has been used in previous work (Vaillancourt et al. 2003) . We used the VFH condition instead of the VFL condition for identifying visuomotor activation because we have a greater chance of identifying a visuomotor region during the frequent feedback condition, and the VFL condition may have additional processes involved such as memory encoding and error monitoring not related to visuomotor processes. Additionally, for visual comparison with the visuomotor activation in VFH-F and VFH-VH in our figures we calculated group maps for the F-R, VFL-F, VFL-VL, and VFH-VFL conditions. In generating each group map, the comparisons were first generated in FIASCO as t-maps for each individual subject. We then thresholded each of these t-maps using the false discovery rate at a q of .05 (Genovese et al. 2002) . Next, a group analysis of the active regions that were consistent across subjects was performed using the Fisher test statistic (Fisher 1950 ). This group test statistic provides a robust assessment of the activation consistent across the subjects Simo et al. 2005) . The group maps were thresholded at a chisquare value of 56 which approximates a t-value equal to 4.
The ROI drawings were based on the outcome from the group maps and chosen to target the cerebellum [lateral cerebellum (lobule VI/Crus I) and anterior intermediate cerebellum Second, we conducted ROI analyses between each stimulus condition compared to rest to determine if there were differences in activation between the force conditions directly related to visuomotor processing. Since each stimulus condition was compared to the same baseline condition then any differences found could be attributed to the difference between the stimulus conditions. The average percent signal change and activation volume was determined in each ROI for each individual subject. One template ROI was used to evaluate each subject's data following transformation into standardized coordinate space. The average percent signal change was calculated on all of the voxels in each ROI that had a t-value that exceeded the t-value determined using the false discovery rate threshold. The activation volume in each ROI was equal to the number of activated voxels that passed the false discovery rate threshold.
Statistical Analysis
Statistical analysis of the mean and standard deviation of force was conducted using separate repeated measures analyses of variance (ANOVA) for each dependent measure. Posthoc t-tests were performed to investigate the locus of the significant findings from the analysis of variance. In the fMRI data, we investigated the percent signal change and activation volume in ROIs using separate repeated measures ANOVAs. Post-hoc t-tests were performed between the force conditions for the ANOVAs that resulted in a significant main effect. We interpreted each statistical test as significant when there was less than a 5% chance of making a Type I error (p < .05).
Results
Force Output Performance
Force output performance was examined by calculating the mean and standard deviation of force output during each of the three force conditions (F, VFL, VFH) at each of the four force blocks. This resulted in twelve values per subject. The mean and standard deviation of force were then averaged across the four force blocks for each force condition per subject. Two separate repeated measures ANOVAs were used to determine significant differences in the mean and standard deviation of force across force conditions (F, VFL, VFH). The mean force was not significantly different across the three force conditions (p = .33). In contrast, Figure 1B shows that the standard deviation of force was reduced with more frequent visual feedback. The data in Figure 1B resulted in a significant main effect across the three force conditions (p < .01). Posthoc t-tests revealed that the VFH condition was lower in variability compared with the F and VFL condition (p's < .01), and that the VFL condition had reduced variability compared with the F condition (p < .05). Thus, these findings demonstrate that mean force did not change with the intermittent visual feedback frequency, but that force variability decreased as the frequency of visual feedback increased. Figure 1C , the visuomotor correction occurred 260 ms after the presentation of the visual feedback in this subject. The average visuomotor correction time across all corrections during the 0.4 Hz force condition for all ten subjects was 290 ms (± 33 ms standard deviation). This visuomotor correction time is longer than some estimates of the minimal correction time in humans (Carlton 1992; Keele and Posner 1968) . However, Miall (1996) has shown that the visuomotor feedback loop time is long (341 ms) for a slow tracking task and shorter (264 ms) for a faster tracking track, suggesting that the visuomotor feedback loop depends on the nature of the task examined.
Finding 1: Effects of Intermittent Visual Feedback on Cerebellar Activation During Force Production
The first important finding pertains to the differential effect that intermittent visual feedback had on different anatomical regions of the cerebellum. Figure 2 depicts the group map data following the Fisher group test during the t-test comparisons for F-R (A), VFH-F (B), VFH-VH (C), VFH-VFL (D), and VFL-F (E). Our findings at the group level were also found in all ten individuals in the study. Figure 2A (F-R) shows that lobule V/VI of the right cerebellar hemisphere was active. This activation in lobule V/VI was more anterior and medial to the activation in the right and left lateral cerebellum from the VFH-F comparison ( Figure 2B ). The VFH-F comparison was active bilaterally in lobule VI/Crus I of the lateral cerebellar hemisphere, and this activation did not occur in the control condition of visual feedback at high frequency compared with the rest condition (VH-R, not shown). This point is further strengthened by the data in Figure 2C where the VFH-VH comparison is depicted, and the visuomotor activation in the right and left cerebellum remain. In addition, Figure 2D confirms the observations in 2B and 2C that the VFH condition had visuomotor activation greater than the VFL condition. The combined result from the VFH-F and VFH-VH comparisons demonstrate the visuomotor activation was not due to visual or motor processes. The VFL-F ( Figure 2E ) comparison did not result in significant activation in the lateral cerebellum (lobule VI/Crus I) related to visuomotor signals. There was activation in the cerebellum more inferiorly (Z: -38), but this same region of activation also occurred in the VL-R condition indicating that it was not visuomotor but related to visual target detection.
The activation in the cerebellum was then examined using regions of interest (ROI) analyses. We drew two ROIs in the cerebellum in the anterior intermediate zone (Figure 2A Figure 3A and 3B ). For the left lateral cerebellum, only the activation volume resulted in a significant main effect (p < .05), whereas the percent signal change was non significant (p > .2). In contrast, the four ANOVAs for the anterior intermediate cerebellum were all non significant (all p's > .2) ( Figure 3C and 3D ). This finding indicates that the left and right anterior intermediate cerebellar lobes had similar levels of activation independent of the visual feedback frequency. Next, we conducted post-hoc comparisons using t-tests between the force conditions where we found a significant main effect on the lateral cerebellum.
The main finding from Figure 3A is that in the right lateral cerebellum the VFH-R condition had a significantly greater % signal change compared with the F-R (p < .05) and the VFL-R conditions (p < .05). As shown in Figure 3B , a similar pattern of findings was observed for the activation volume in the right lateral cerebellum (VFH-R to F-R: p < .05; VFH-R to VFL-R: p < .05). The volume was significantly different in the left lateral cerebellum: VFH-R greater than F-R (p < .01), VFH-R greater than VFL-R (p < .05), but no difference between VFL-R compared to F-R (p = .88). These findings demonstrate that the activation volume and % signal change in lateral cerebellum did not increase during the grip force condition with low frequency visual feedback (.4 Hz). We did find increased activation volume bilaterally in the lateral cerebellum and increased % signal change in the right lateral cerebellum during the grip force condition with high frequency visual feedback (25 Hz).
Findings 2 and 3: Effects of Intermittent Visual Feedback on Activation in the Parietal and Premotor Cortex During Force Production
The second important finding is that the parietal cortex and premotor cortex were active during infrequent visual feedback, as well as during frequent visual feedback. Figure 4A shows that the SMA, bilateral PMd, bilateral PMv, bilateral IPL, and SPL were all active. The activation was interpreted as visuomotor activation because we found that the activation also occurred in the VFH-VH comparison. Figure 4B shows the VFL-F condition where we found increased activation in the SMA, bilateral PMd, bilateral PMv, and right IPL. We found analogous activation in the VFL-VL comparison.
Next, we conducted ROI analyses to quantify the extent of the differences in volume and percent signal change in both parietal and premotor cortices across the F-R, VFL-R, and VFH-R conditions. From this analysis, the third important finding is that specific visuomotor regions of the right hemisphere of the parietal and premotor cortex increased in activation with the frequency of visual information. Figure 5 shows the percent signal change in the ROIs from PMd, PMv, IPL, and SPL from the right and left hemisphere. We used separate repeated measures ANOVAs to compare the percent signal change and activation volume in PMd, PMv, SMA, IPL, and SPL for the right and left hemispheres. This resulted in 18 separate ANOVAs instead of 20 because the SMA was examined in the right and left hemispheres combined (see ROI in Figure 4A ). The ANOVAs for the right and left PMd, right and left PMv, right IPL, and SMA were significant for both percent signal change and activation volume (all p's < .05). For right SPL, only the activation volume resulted in a significant main effect in the ANOVA (p < .05), but percent signal change failed to reach significance (p > .2). The ANOVAs for the left IPL and left SPL were non significant for both percent signal change and activation volume (all p's > .2). Next, we conducted post-hoc comparisons using t-tests between the force conditions where we found a significant main effect in the ANOVA.
Using post-hoc comparison t-tests, the right and left PMd, right and left PMv, and right IPL had increased percent signal change for VFL-R and VFH-R compared with the F-R condition (all p's < .05). Although not depicted, the activation volume was also consistent with the percent signal change in showing that VFH-R and VFL-R had greater activation volume compared with the F-R condition in the right and left PMd, right and left PMv, and right IPL (all p's < .05). For right SPL, the main effect for the activation volume was due to an increase for VFH-R compared with F-R (p < .05), whereas VFL-R compared to F-R was non significant (p > .2). Finally, SMA had an increased percent signal change and activation volume during the VFH-R compared with each of the VFL-R and F-R conditions (p's < .01), but there was no difference between VFL-R and F-R in the SMA (p's > .2).
Finally, Figure 5 shows that the main differences between the high (VFH-R) and low (VFL-R) force control conditions occurred in the right hemisphere and not in the left hemisphere. This is evident in Figure 5 where the right PMd, right PMv, and right IPL were significantly greater for the VFH-R compared to VFL-R (all p's < .05). In the following section, we have conducted control analyses to directly compare VH-R and VL-R, and the findings indicate that visual feedback frequency alone cannot explain these findings.
Effects of Intermittent Visual Feedback Without Force Production
We conducted a control analysis to determine if the frequency of visual feedback during the VH and VL conditions could have caused the differences observed in Figures 3 and 5 for the parietal cortex, premotor cortex, and cerebellum. Paired t-tests were used to compare the VH-R and VL-R % signal change and activation volume for visuomotor ROIs in the right and left PMd, PMv, IPL, SPL, lateral cerebellum, and SMA. The p-value from each t-test comparison did not approach significance (all p's > 0.2). These additional control analyses demonstrate that the differences observed between the VFH and VFL conditions in Figures 3 and 5 were not due to the feedback frequency alone, but due to visuomotor processing at different feedback frequencies.
Discussion
This study examined the effects of frequent and infrequent intermittent visual feedback on the functional activation of the cerebellum, parietal cortex, and premotor cortex during precision grip force production in humans. The study yielded three important findings. First, infrequent (.4 Hz) visual feedback did not result in visuomotor activation in lobule VI/Crus I of the lateral cerebellum, whereas frequent (25 Hz) intermittent visual feedback did. Second, the parietal cortex and premotor cortex were active during both infrequent and frequent visuomotor processing. Third, the level of visuomotor activation was greater during frequent compared to infrequent visual feedback in the right hemisphere for IPL, PMv, and PMd. In the following sections, we first discuss the role of the cerebellum in processing visual information during force control, and then discuss the role of the parietal and premotor cortex. The final section synthesizes the new findings that extend previous work on visuomotor processing.
Cerebellum and Intermittent Visual Feedback
A contemporary hypothesis of one function of the cerebellum in visually-guided control is that the cerebellum processes the delayed visual reafference signal from the ongoing movement (Liu et al. 2003) . The visual reafference signal represents the visual outcome of motor output. Liu and colleagues (2003) examined simple spike neuronal activity in monkeys performing visually-guided step-tracking movements while viewing a video display with visual feedback delays up to 200 ms. They found that while cursor-related cells in the lateral cerebellum had an onset time-locked with the arm movement, their duration of activation was extended by a similar amount as the experimenter imposed feedback delay. These findings were interpreted in support of the visual reafference hypothesis. Kitazawa and colleagues (1998) used a different paradigm to examine complex spikes from Purkinje cells in lobules IV-VI during reaching movements in monkeys. When the monkeys began the reach, liquid-crystal shutters excluded the hand and the target position until the monkey's hand reached the target. The monkeys then viewed their hand position in relation to the target for 300 ms. The authors found that the complex spikes occurring at the beginning of the reach movement encoded the absolute destination of the reach, whereas complex spikes occurring 150-300 ms after the end of the movement encoded relative error based on visual information (see Figure 4a , Kitazawa et al. 1998 ). The concept of visual reafference is further supported by the correlation between the simple spike discharge of Purkinje cells with hand and cursor movements. Ebner and Fu (1997) showed that in non-human primates the simple spike discharges that correlated with movement kinematics led the arm movement, whereas simple spike discharge correlation with the visual cursor lagged behind the cursor. Thus, it appears that after a visually-guided correction is implemented the lateral cerebellum receives a delayed signal related to the visual reafference of the motor correction.
The current finding 1 from the cerebellum provides the first support for the visual reafference hypothesis in humans. During our infrequent intermittent force condition subjects viewed the visual feedback signal for only 20 ms every 2.5 s (.4 Hz condition). We found reliable and regular visually-guided corrections in the force trace during the infrequent intermittent feedback condition ( Figure 1C ). In addition, force variability was reduced in the infrequent intermittent condition compared with the no visual feedback force condition ( Figure   1B ), further demonstrating that error correction processes occurred with low frequency visual feedback. However, the infrequent visual feedback stimulus did not elicit neuronal activity in the lateral cerebellum, which may indicate the visual reafference signal was not triggered (Figures 2E and 3) . During the infrequent visual feedback alone condition the visual cortex, parietal cortex and the cerebellum were all active compared to rest, indicating that this was a sufficient visual stimulus to elicit neuronal activity. Since the visual reafference signal has been shown to reach the lateral cerebellum after ~150-300 ms following the ongoing motor correction (Kitazawa et al. 1998) , we suggest that the absence of the visual feedback signal during this time period for the infrequent visuomotor condition may have prevented the visual reafference signal from being engaged in the cerebellum. We further suggest that the absence of the visual reafference signal in the lateral cerebellum is consistent with the interpretation that it is one component of the visuomotor processing system that limited the ability of our subjects to reduce variability during the infrequent condition (Figure 1 ).
When visual feedback was presented frequently during force production the lateral cerebellum (lobule VI/Crus I) was involved in visuomotor processing ( Figure 2B-2D and Figure   3 ) (Vaillancourt et al. 2003) . In addition, force variability was reduced in the frequent visuomotor condition compared with the infrequent and no visual feedback conditions. Since the visual stimulus appeared on the display following motor corrections, we suggest that the visual reafference signal was most likely engaged in the lateral cerebellum allowing further reduction in the variability of grip force. It follows that during adaptation and learning the visual reafference signal could provide a tuning mechanism that enhances performance during manual tasks (Debaere et al. 2004; Krakauer et al. 2004; Seidler et al. 2002) .
Non-visual motor processes occurred in the anterior cerebellum independently from visual feedback (lobule V/VI). Our current data in the anterior intermediate cerebellum are consistent with previous data from a force control task in showing sensory-motor activation independent from visual feedback (Vaillancourt et al. 2003) . Our data are also consistent with a study investigating reaching movements without vision where activation was found in the left posterior parietal cortex, left primary motor cortex, and the anterior intermediate cerebellum (Desmurget et al. 2001) .
Intermittent Visual Feedback and the Parietal and Premotor Cortex
Our finding that the parietal cortex and premotor cortex are involved in visuomotor processing during frequent visual feedback is in agreement with previous reports (Caminiti et al. 1996; Culham et al. 2003; Desmurget et al. 1999; Johnson et al. 1996; Krakauer et al. 2004; Milner and Goodale 1993) . Our second new finding was that bilateral PMd, bilateral PMv, and right IPL (Figures 4 and 5) had increased signal intensity during infrequent intermittent force control compared with force control without visual feedback. This finding extends previous work because virtually all studies of the visuomotor system have previously investigated continuous rather than intermittent visual feedback. In addition, while the percent signal change and activation for SMA were increased in the grip force condition with frequent visual feedback, we did not find increased percent signal change and activation volume with infrequent visual feedback. Thus, although the SMA has been classically associated primarily with internally generated tasks (Jahanshahi et al. 1995; Mushiake et al. 1991) , our current data and recent evidence from studies of electrophysiology in animals (Picard and Strick 2003) and human neuroimaging (Vaillancourt et al. 2003) demonstrate that the SMA is also important in the control of visually-guided movement. The current findings indicate that the SMA is mainly involved during visually-guided motor control with high frequency visual feedback.
Visuomotor Activation and Visual Feedback Frequency
The third new finding was that we did not find a one-to-one mapping between increases in visual information and processing of the visuomotor system. For example, one might have anticipated that the same regions active during the infrequent condition would have had an incremental increase in activation during the frequent condition. Had this been true, bilateral PMd, bilateral PMv, SMA, and right IPL would have had the greatest level of activation during the frequent visually-guided force condition. This was not the case. We found that only the right PMd, right PMv, and right IPL had increased signal change during the frequent compared with the infrequent visually-guided force condition. The increase in signal intensity could have potentially been due to additional error correction processes occurring in these regions. Since force variability was reduced during the frequent condition compared with the infrequent condition this lends support to the hypothesis that additional error correction processes may have occurred in PMd, PMv, and IPL during the frequent condition. Another intriguing possibility is that during the frequent condition, attentional mechanisms may have been engaged to a greater extent than during the infrequent condition, therefore increasing activation in the right parietal and premotor cortices. Previous studies have identified a ventral frontoparietal network, also localized in the right hemisphere, that is involved in attention to visual stimuli (Arrington et al.
2000; Corbetta et al. 2000; Corbetta and Shulman 2002).
In summary, for several decades the examination of visuomotor processing has primarily focused on three brain regions: the cerebellum, parietal cortex, and premotor cortex. A major reason for this is because the parietal cortex receives visual input from visual cortex, and visual information projects from the dorsal parietal cortex to the cerebellum (Glickstein 2000; Middleton and Strick 1998; Suzuki et al. 1990 ) and premotor cortex (Caminiti et al. 1996) . We have shown that the lateral cerebellum (lobule VI/Crus I) is involved in visuomotor processing only during frequent visual feedback. In addition, IPL, PMd, and PMv are involved in visuomotor processing when visual feedback is presented both frequently and infrequently.
Finally, we found that the right IPL, right PMv, and right PMd increased in neural activity across each feedback frequency level, with the greatest activation occurring during the frequent visual feedback condition. These findings lead to the general conclusion that frequent visual feedback causes greater neural activity in a sub-network of the visuomotor system which has the behavioral consequences of reducing motor error. The findings further suggest that the visual reafference signal in the lateral cerebellum may become engaged once a threshold frequency is reached. Further studies are needed to identify the change in visuomotor neuronal activation across multiple levels of visual feedback frequency. 
